INTRODUCTION
In recent years, MXenes-a new family of 2D early transition metal carbides and carbonitrides, have been receiving significant research interest, by virtue of their excellent electrochemical energy storage properties, good electrical conductivity and superior mechanical properties [1] [2] [3] [4] [5] .
MXenes are prepared by the selective etching of the A layer from MAX phases, a family of ternary, layered, machinable transition metal carbides, nitrides, and carbonitrides, with a layered hexagonal structure (space group P63/mmc) and chemical composition: M n+1 AX n , where "M" is an early transition metal, "A" is an A-group element (mostly groups 13 and 14) , "X" is carbon(C) or nitrogen(N), and n=1, 2, or 3. 6, 7 The exfoliated carbides and carbonitrides exhibit structural similarity to exfoliated graphite and hence are termed as MXenes 8 . Cold-pressed discs of different MXene sheets are reported to have good electrical conductivities and hydrophilic behavior 6 . With these unique properties, MXenes are reported to find applications in multiple fields and technologies, such as catalysis, hydrogen storage, electrochemical energy storage/pseudocapacitors, and Li ion batteries. 6, [9] [10] [11] [12] [13] The structure and properties of MXenes can be modulated by different physical and chemical treatments 14 . The MXene layers obtained by the selective etching of the MAX phases are usually terminated with either -OH or -F or a combination of both. Hence, they can be represented as M n+1 X n T x, where T stands for the surface termination. It has been reported that the band gap of MXenes can be tuned by changing these surface groups 7, 15, 16 . In 2012, based on density functional theory computations, Q. Tang and P. Shen reported that dramatic improvement in the theoretical Li-ion specific capacity of Ti 3 C 2 MXenes can be achieved by the removal of F groups from the surfaces 17 . It has also been widely reported that 2D materials like graphene exhibit exceptional sensitivity to their environment. [18] [19] [20] In a recent report, Li et al. stated that heat treatment is an efficient way to eliminate the surface groups on MXenes and tune their properties 14, 21 . As a new class of graphene like 2D materials, properties of MXenes need to be further explored to get a proper understanding of their fundamental properties 22 . It is of great importance to understand how heating in different ambients influences the morphology, structure and electrochemical properties of MXenes, in order to modulate the structure and properties of
MXenes by proper heat treatment processes for various applications 6 . Herein, we report, for the first time, the influence of post-etch annealing ambient on the supercapacitive performance of MXenes. We chose the lightest MXene, Ti 2 CT x as the representative (as no reports are available on its supercapacitive performance in aqueous electrolytes) and conducted detailed experimental studies on its structural and energy storage properties upon heat treatment in different ambient gases.
EXPERIMENTAL SECTION

Synthesis of 2-D titanium carbide (Ti 2 CT x ) nanostructures
Two-dimensional titanium carbide nanosheets were synthesized by exfoliation of commercially available Ti 2 AlC (MAXTHAL 211) powders following similar procedure reported by Naguib et al. . The as-prepared Ti 2 AlC powders were immersed in 10%HF for 10 h at room temperature. The resulting suspension was washed with deionized water for several times and then filtered to get 2D titanium carbide nanosheets (MXenes). The as-prepared MXenes were then annealed at 500K, in air, Ar, N 2 and N 2 /H 2 atmosphere for 2 h.
General characterization
Phase structure of MXene nanosheets were characterized by a powder X-ray diffraction system (XRD, Bruker, D8 ADVANCE) equipped with Cu K α radiation (λ= 0.15406 nm). Raman Spectroscopic measurements were carried out at both room temperature and 100 K, using a Lab
Ram Aramis Raman spectrometer with a He-Ne laser having an excitation wavelength of 633 nm. Chemical compositions of the samples were further analyzed using high-resolution X-ray photoelectron spectroscopy (XPS). XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV) operating at 150 W, a multichannel plate and delay line detector under a vacuum of 1~10 −9 mbar . The survey and high-resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV, respectively and quantified using empirically derived relative sensitivity factors provided by Kratos Analytical. Samples were mounted in floating mode in order to avoid differential charging. Charge neutralization was required for all samples. Binding energies were referenced to the C 1s peak of (C-C, C-H) bond which was set at 284.8 eV. The data were analyzed with commercially available software, CasaXPS. BET surface area of the samples were determined using surface area and porosimetry system 'Micromeritics' (ASAP 2420) at 77 K. Before measurements, the samples were dried at 70 ˚C for 10 h in a Vacuum oven and then degassed at 150 ˚C for 12 h until the vacuum was less than 2 µm Hg. The surface morphology and microstructure of the samples were investigated by a scanning electron microscopy (SEM, FEI Helios NanoLab) and transmission electron microscopy (TEM, FEI Titan).
Electrochemical characterization
Electrochemical measurements were carried out in symmetric two-electrode configurations using Model 660D electrochemical workstation (CH Instruments). Supercapacitor electrodes of 1.13 cm 2 area were prepared using HF treated MAX phase powder and MXene samples annealed at Ar, N 2 , N 2 /H 2, and air by the following procedure. The MXene powder was mixed with polytetrafluoroethylene (PTFE) binder and Acetylene Black-which was added to create a conductive network in-between the MXene sheets-in a mass ratio of 90:5:5 and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Specific capacitance (C sp ) of symmetric supercapacitors were calculated from the cyclic voltammogramms and charge-discharge curves according to Eq. (1) and (2)
where 'i' is average cathodic current of CV loop and 'f' is the scan rate.
where 'I' is the constant current for charge-discharge, t V ∆ ∆ is slope of the discharge curve.
'm' is the mass of MXene in one electrode. (Fig. 1a(ii) ). All these samples contain a small amount of anatase TiO 2 which was produced by the local heat generated during HF treatment of MAX phase. XRD pattern of air annealed sample clearly shows the complete conversion of the MXene to anatase TiO 2 (JCPDS card no. 00-021-1272) with some graphitic carbon. In order to identify the influence of the annealing atmosphere on the d spacings of the MXene samples, the shift in the (002) peak position is carefully analyzed by repeating the XRD measurements in a smaller range of 2θ with smaller step size and longer data acquisition time than in Fig. 1 (a) and the results are shown in Fig. 1 suggesting removal of more functional groups from the sample. Analysis of these broad peaks indicates the poor order and multilayer character of MXene sheets. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 atmosphere. But the sample annealed in air (Fig. 3C) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 image 7a indicates that the sample contains nanocrystals and thin nanosheets. HRTEM image of the nanocrystals and their corresponding SAED pattern are shown in Fig. 7c and e respectively.
The SAED pattern indicates the polycrystalline structure of the sample. SAED pattern can be indexed to the Body-centered tetragonal anatase TiO 2 crystal structure using Circular Hough Diffraction Analysis. 36 SAED pattern (Fig. 7f) corresponding to the TEM images of the nanoflakes (Fig. 7d) on air annealed sample retain nearly rectangular CV loops, up to a scan rate of 100 mV/s, which are characteristics for supercapacitors with excellent capacitance behavior and low contact resistance. These devices are able to retain the rectangular shape of the CV curves even at a very high scan rate of 1 V/s (Fig. S4) . From Fig. S5 , it is clear that these supercapacitor devices could also exhibit triangular galvanostatic charge-discharge curves at different constant current densities confirming excellent capacitive behavior. Deviation from supercapacitive behavior of the supercapacitor based on air annealed sample ( Fig. 8e and S5e) as compared to other samples can be attributed to the pseudocapacitive behavior of the nanocrystallineTiO 2 particles. (1) and (3) symmetric supercapacitors with increase in scan rate and current density are shown in Fig. 9c and d respectively. At lower scan rates (below 20 mV/s)/current densities (below 5 A/g), the specific capacitance decreases with the increase in scan rate/ current density and after that the specific capacitance tends to stabilize. At lower scan rate/discharge current density, electrolyte ions can penetrate into the inner structure of the entire electrode giving rise to the maximum capacitive performance. For 2D materials like MXene, it has been reported that the spontaneous intercalation of cation from the aqueous electrolyte solutions makes an important contribution to the total specific capacitance. The intercalation phenomena readily takes place in basic energy (E) and power densities (P) for the supercapacitors were calculated from chargedischarge curves at different current densities using equations (5) and (6) respectively.
where ' V ∆ ' is the potential window of discharge process. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 supercapacitors at a constant current density of 1 A/g are illustrated in Fig. 9f . At the end of 6000 cycles, supercapacitors based on HF treated MAX phase and MXene samples annealed under Ar, N 2 , N 2 /H 2 , and air atmosphere retain respectively 87%, 94%, 92%, 93% and 86% of their maximum capacitance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phase, and MXene samples annealed at Ar, N 2 , N 2 /H 2 , and air atmosphere. The instrument's (CHI 660D) limitations in the EIS measurements results in the steps on the frequency plots. The capacitance values were obtained from the following Eq. (7) " 2
Here, C is the cell capacitance, f is the frequency, z" is the imaginary part of impedance.
When the frequency increases, the capacitance of all samples decreases. At a frequency of 1 Hz, the capacitors retain nearly half of its maximum capacitance (@ 0.01 Hz). At high frequency region above 1000 Hz the supercapacitors behave like a pure resistance.
From the present study, it is evident that the annealing ambient plays a crucial role in tuning the structure, morphology and capacitive performance of 2-D Ti 2 CT x MXene nanosheets.
Annealing in air transforms MXenes to TiO 2 nanoparticles and graphitic carbon and brings down the capacitive performance. Annealing in Ar, N 2 and N 2 /H 2 atmosphere improves the supercapacitive performance. This can be attributed to the increase in surface area and increase in interplanar distance in the annealed sample as explained in Fig. 1 and 3 . MXene sample annealed in N 2 /H 2 atmosphere exhibits superior supercapacitive performance as compared to other samples. A valid explanation for this behavior can be given based on XPS results (Table 1) .
From Table 1 and Fig. S1 , it is evident that the surface layers of N 2 /H 2 annealed sample contains the highest amount carbon and lowest amount of Fluorine. The maximum carbon content ensures high conductivity of the electrode and improves the supercapacitor performance.
Moreover, the reduction in the concentration of Fluoride ion brings improvement in the specific capacitance.
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